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The oldest reported age for a mare basalt (rock 10003) collected from a mare region is 
3.912 .03 b.y. (1). Aluminous, mare-like basalts from Apollo 14 (e.g. 14053) are 
slightly older, .3.95-4.00 b.y. (2,3), and seem to be considered (1,4) the earliest phase 
of mare basalt volcanism. Similarly, Rb-Sr internal isochron ages (5) of Apollo 15 
KREEP basalts are %3.95 b.y. Curiously, a3.9 b.y. is the age assigned to the end of the 
period of intense bombardment that produced the large basins; Imbrium, the second young- 
est and the largest on the nearside of the moon, formed a3.9 b.y. age (5,6). This simi- 
larity in the ages of the oldest dated basalts and the end of the intense bombardment is 
either coincidental or causative. Accepting the latter, then either a) there is a genet- 
ic relationship between impacts and mare volcanism or b) the age of the oldest mare 
basalts does not date the time when mare basalts began to be extruded, but instead re- 
cords the time when abundant samples and flows began to be preserved. Because composi- 
tional and phatogeological evidence (summarized in ref. 4) argue strongly against alter- 
native a), we conclude that the a3.9 b.y. age records the time when samples of basaltic 
lava flows began to be abundantly preserved. Given a moon cooling monotonically from 
its accretion and early melting ( 7 ) ,  such earlier volcanism is not improbable. It is 
the purpose of this paper to assess the existence and nature of volcanic rocks in this 
earlier and little understood period of lunar history. 

The presently known mare flows, nearside and farside, comprise only about 1% of the vol- 
ume of the lunar crust of average thickness of 60 km (8). They were extruded as thin 
flows (9,4) over a period of more than a billion years (1). If "pre-mare" volcanism was 
predominantly of thin flows in a similar fashion, then it is no- improbable that most 
flows were severely comminuted in a geologically short time: the lunar highlands surface 
is saturated with 50-100 krn craters, each of which produced a layer of rubble 1-3 km 
thick (10). Intense bombardment by smaller meteoroids must have even more intensely 
gardened the upper few hundred meters of the crust. Furthermor , basin forming events 
had profound effects on surrounding terrain, including burial, .>ecause of the enormous 
number of secondary craters associated with them. Consequently, there is little chance 
that a basalt flow could be preserved in the lunar highlands. Indeed, it is likely that 
a given basalt flow only a few meters thick could be completely comminuted and mixed 
with the underlying regolith. We note that even relatively young "early" basalts (the 
Apollo 14 mare-like) have been found only as small breccia clasts. 

Given that they probably existed, how can we best sample "pre-mare" volcanics? Even 
chemically, ancient clasts (even as distinctive as mare basalts) would be difficult to 
detect, since their proportion in the upper regolith (which is 711 that has been sampled) 
would be at most a few per cent. In addition, it is impossible to distinguish ancient 
mare components in the soil fines from those derived by impact from later mare fills 
without recourse to age dating of individual soil particles. Tilerefore a better choice 
is highland breccias that have been dated at 53.9 b.y. Because the components in a par- 
ticular breccia predate its assembly, any basalt clasts must be older than 3.9 b.y. 
The basaltic components present in a breccia take two forms: clasts with obvious basalt- 
ic texture, and mineral clasts derived from them or other basal-ic lithologias. However, 
a serious problem arises with basalt textured clasts: some or even most might be impact 
melts. Such fragments tell us nothing about lunar volcanism. verall criteria exist for 
distinguishing impact from internally generated melt(l1). Thes apply best to larger 
fragments for which chemical, textural, and isotopic evidence can all be applied. Unfor- 
tunately, most of the volcanic fragments we postulate to exist will be in small clasts or 
represented only by mineral fragments; they are likely to be discovered only with the 
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microscope and investigated with the microprobe. Textural, bulk compositional (by DBA 
techniques) and Fe-metal compositions are among useful criteria. 

Petrologic study of highland breccias have enabled us (and others) to identify (tenta- 
tively in some cases) the following types of "pre-mare" volcanic rocks: 

"Pre-mare" mare-like volcanism- Mare-like basalts have high CaO/A1203 (>.65) and high 
FeO/MgO compared to other highland rocks; many are enriched in Ti02 as well. The Apollo 
14 collection contains high-alumina mare basalts, all of which are, or are believed to 
have been, breccia clasts. All of those dated (14053, 14072, clasts from 14321) have 
internal isochron ages of 3.95-4.05 b.y. (various sources). In most cases, there is no 
reason to believe that these ages record anything other than the time the basalts were 
extruded. Fragments texturally and mineralogically, and hence presumably chemically, 
similar (but not identical) to the basalts in 14321 occur in 14312. No age has been 
determined as yet. A distinct breed of high-alumina basalts has been observed in 14063 
(12) and 14082, the white rocks from the Cone Crater eject blanket. Boulder 1, Station 
2, Apollo 17, contains a variety of very small, basaltic textured fragments (13). One 
group is olivine-normative and like high-alumina mare basalts, but is more magnesian. 
Its composition (Cr-enriched compared to highland rocks) and its texture (no relicts) 
suggest that this rock-type is a bona fide volcanic rock, and not an impact. The frag- 
ments are found in a breccia that has a metamorphic age of 4.01 b.y. (14), and this date 
provides a minimum age for the volcanism. 

"Pre-mare" KREEP basalts- A second group of basalts consists of the Apollo 15 type m E P  
basalts (various sources) and the Apollo 17 KREEPy basalts (13, 15). The criteria which 
establish these as volcanic rocks have been discussed (11). We interpret the Apollo 15 
KREEP basalts' internal isochron of 3.95 bey. (5) as the age of extrusion (16), from a 
source region rich in Rb which had undergone separation of Rb from Sr at 4.3-4.4 b.y. 
This is in accord with a post-Imbrium age for at least some KREEP basalts (17) and with 
a distinct KREEP basalt unit underlying at least a part of Mare Imbrium (16, 18). 
Similarly, we interpret the Apollo 17 KREEPy basalt isochron of 4.01 b.y. (19) as its 
extrusion age. This basalt has some affinities with mare-like basalts. We do not imply 
that all KREEP basalt extrusion was so late in lunar evolution--as with mare basalts, 
older recognizable fragments large enough for dating have not been included in the col- 
lected and/or dated population. Indeed, the presence of KREEP chemistry in breccias 
suggests that KREEP volcanism is in many cases rather old. 

Other "pre-mare" volcanic lithologies- It is possible that at least some VHA basalts 
are volcanic, but this has been argued against on various grounds. Their compositions 
can in general be modelled by mixing of known crustal materials. However, other lunar 
basaltic textured highlands rocks may be volcanic; e.g. some of the spinel troctolitic 
basalts. These have frequently been interpreted as impact melts, with good reason (20), 
but some are rather magnesian, (e-g. Boulder 1, Station 2) and if they are impact melts, 
it is unclear what the target material may have been. 62295 has been interpreted as a 
partial melt of a plutonic spinel troctolite (21),and since impacts produce total, rather 
than partial, melts (22), a volcanic origin is implied. 

Lithologies represented by pyroxene clasts in breccias- Many highland breccias contain 
pyroxenes which fall into the metastable region in the center of the quadrilateral. 
Pyroxenes from intrusive and metamorphosed rocks do not usually plot in this part of 
the diagram, whereas those from extrusive rocks do. Apollo 16 plagioclase-rich light 
matrix breccias (LMB) found predominantly on the rim of North Ray Crater (23, 24), 
contain metastable pyroxenes in their matrices. Analyses (from soil fragments) are 
plotted in Fig. 1. While such pyroxenes could be impact-melt produced, such Fe-rich 
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pyroxene compositions are not characteristic of identified impact melts, with the excep- 
tion of some from Apollo 14. At least 2 small clasts of mare-like basalt have been 
identified in Apollo 16 breccias: a 0.1 nun fragment in one of our thin sections (637-11, 
and a 0.3 nun clast in rock 67915 (25). The significance of these basaltic components 
is profound if the ages determined (25) for some LMBs, 4.1-4.25 b.y., actually date the 
time that the breccias were assembled. If so, the ages imply that lunar mare-like vol- 
canism was active prior to 4.1-4.25 b.y. The precise nature of the volcanism must 
await more detailed analysis, particularly of minor elements in the pyroxenes. Boulder 
1, Station 2, Apollo 17 also contains extrusive pyroxenes in its competent matrix por- 
tions, distinct from those in the KREEPy basalts ((13) fig. 12). This matrix has an age 
of 4.01 b.y. and also encloses the olivine basalts (above). Even pyroxene data alone, 
therefore, suggest that lunar volcanism existed before 4.0 b.y. ago, and possibly before 
4.2 b.y. ago. 

Conclusions Lunar mare-like and nonmare volcanism began prior to the end of the basin 
forming period, but because of the intense bombardment, flows of these volcanics no 
longer exist and even small basaltic fragments are rare. Deciphering "pre-mare" vol- 
canic evolution will be a difficult task, utilizing sparse and ambiguous data. Hopeful- 
ly, some of the record of early lunar volcanism is contained in highland breccias, in- 
scribed in matrix mineral clasts and basaltic rock fragments. It is likely that differ- 
ent types of basalts were extruded in different places simultaneously (as on the earth), 
for instance Apollo 15 KREEP and Apollo 14 Mare-like basalts. A linear evolution scheme 
of volcanism is probably too simplistic. The nature and extent of "pre-mare" volcanism 
is significant in understanding the geochemical, physical, and ;henna1 evolution of the 
moon. 
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